The catalytic isomerization of 2,4-diphenyl-1-butene over two kinds of silica-alumina cata-
Introduction
Although the recovery of fuel oils by pyrolysis of polymers has been dealt with as an effective technique for efficient utilization of plastic wastes1)-3), the techniques themselves have not been studied sufficiently. As one of the other approaches for reuse of plastic wastes, the direct use of liquid products obtained from pyrolysis of plastic wastes would seem more relevant. In general, the composition of industrial plastic wastes is simpler in comparison with that of municipal wastes2),4) Consequently, the liquid products obtained from pyrolysis of industrial plastic wastes would be of simpler composition. The authors have shown that the products obtained from pyrolysis of polystyrene consisted of monomer (styrene), dimer (2,4-diphenyl-1-butene), trimer (2,4,6-triphenyl-1-hexene) and trace quantities of heavy oily products (4-10 monomer units) 5),6). Since the products are a mixture to useful compounds. For example, dimerization of styrene to cyclic dimer (1-methyl-3-phenylindan) with various acid catalysts has been reported7) -9) In the dimerization of styrene, it is expected that a linear dimer, 1,3-diphenyl-1-butene, would be present as an intermediate. Although the reaction mechanism has not been elucidated, such cyclic dimers as 1-methyl-3-phenylindan are important materials for synthetic lubricating oils10). If catalytic isomerization of 2,4-diphenyl-1-butene (D.P.B.E) is promoted by solid acid catalysts, formations of cyclic compounds could be expected.
On the other hand, only a few reports on the synthesis of D.P.B.E11) are available, moreover, its chemical reactions are not detailed sufficiently. The authors have already reported about the thermal decomposition of D.P.B.E12) in connection with the elucidation of its chemical reaction characteristics.
In the present study, an attempt has been made to obtain 1-methyl-1-phenylindan from D.P.B.E using silica-alumina catalysts, and to discuss about the reaction mechanism of catalytic isomerization based on the results obtained. Liquid products at room temperature were collected in a methanol-dry ice trap located just below the reactor, and gaseous products were collected in a gas holder. The percentage of material balance obtained in all experiments was about 98.
Analysis
Instruments used for identifying the products were the same as those used in a previous work12).
Shimazu GC-6A gas chromatograph was used for separation of liquid products. Separation was of 15% Apiezon grease L supported on Chromosorb WAW (60-80 mesh).
Gaseous products at room temperature were analyzed by Shimazu 4B-PT gas chromatograph, and it was observed that the amount of gaseous products was less than 0.5wt% of the total products in which methane was the main product. Consequently, the gaseous products were not important in the study of the present work.
Results
and Discussion
Reaction Products
Each product separated fractionally by GC was identified by the generally available instruments. The results obtained are shown as follows:
The IR spectrum was identical with that of 1-methylindan15). Table 2 shows some typical data on the catalytic isomerization of D.P.B.E over silica-alumina catalysts. The high boiling-point products shown in Table 2 represent the fractions undetected by GC.
Over the IS catalyst, 1-methyl-1-phenylindan and 1,3-diphenyl-2-butenes were the main reaction products, and some low boiling-point products such as benzene, 1-methylindan and 3-methylindene were also formed. However, over the Neobead-P catalyst, 1,3-Biphenyl-2-butenes were the main products but no 1-methyl-1-phenylindan and low boiling-point products were formed. Further, it was ascertained in a separate work that the molecular weight of each of the main products formed over both catalysts was the same as that of D.P.B.E.
From the results described above, it was concluded that isomerization of D.P.B.E proceeded predominantly over the two catalysts. Over the Neobead-P catalyst, the sum of 1,3-diphenyl-2-butenes formed was about 80wt% of the liquid product in which 1,3-diphenyl-1-butene was 7wt%.
On the other hand, a large amount of 1-methyl-1-phenylindan was formed over the IS catalyst. The yield of 1-methyl-1-phenylindan was about 80wt% of the liquid products. Further, it was found from Table 2 that the yield of 1,3-diphenyl-2-butenes over the IS catalyst was less than that over the Neobead-P catalyst over which no isomerization of D.P.B.E to 1-methyl-1-phenylindan took place. Differences in the results obtained over the two catalysts seem to result from such acidic properties of these catalysts as shown in Fig. 1 .
The relationship between yield of each product and process time over the IS catalyst is shown in Fig. 3 . The yield of 1-methyl-1-phenylindan increased rapidly to a constant level with increase in process time while the yield of benzene or the sum of the yields of 1-methylindan and 3-methylindene decreased. The yield of each product remained constant after about 10 minutes. It is well known that the activity of catalysts decreases with increase in process time19),20) from coke deposition on their surfaces. Actually, in the present work, the weight of the catalyst increased during the reaction. The amount of increase corresponded to about 7% of the weight feed.
Since the formation of coke is associated with the formation of low boiling-point products21), it could be anticipated that the formation of coke would be conspicuous at the earlier stages of the reaction, as can be seen from Fig. 3 . Further, the effect of contact time on yield of each product over the IS catalyst is shown in Figs. 4, 5 and 6. In Fig. 4 , the unconverted quantity of D.P.B.E decreased to a constant level at about 5 moles/100 moles-feed while the yield of 1-methyl-1-phenylindan increased up to a constant level at about 70moles/100 moles-feed. With increasing contact time, the yields of cis-and trans- products which would be formed by proton addition to the phenyl groups of D.P.B.E would not be observed in the present work; moreover, the yields of low boiling-point products would be very small, as can be seen in Table 2 . Thus, the first step in the reaction over the IS catalyst would be the proton addition to the a-olefin in D.P.B.E (Eq. (1)).
The tertiary benzyl carbonium ion I formed would be stabilized by such several terminations as proton elimination, aromatic substitution and hydride ion attachment.
The formation of 1,3-diphenylbutane though but slight was confirmed by GC-MS.
The yield of 1,3-diphenyl-1-butene over the IS catalyst was less than about 2 moles/100 moles-feed, and the presence of 1-methyl-3-phenylindan could not be observed. Thus, the intramolecular hydride ion transfer reaction leading to the secondary benzyl carbonium ion II from the tertiary benzyl carbonium ion I would be disregarded. Consequently, the tertiary benzyl carbonium ion I should be the most important intermediate.
As shown in Eq. (7), the tertiary benzyl carbonium ion I can also be formed from 1,3-diphenyl-2-butene.
Hence, Eq. (7) represents the opposite reaction to that of Eq. (4) 
with high yields from D.P.B.E in the presence of a typical Bronsted acid such as sulfuric acidfootnote 1), where the cis/trans ratio was very small. It was reported the rate of back isomerization of 1,3-diphenyl-2-butenes to D.P.B.E was very slow in comparison with that of the forward reaction22),23)
The reaction of Eq. (6) results in the formation of 1-methyl-1-phenylindan. A large amount of 1-methyl-1-phenylindan was formed only over the IS catalyst (Table 2) . Also, it was clear by comparison of the results obtained over both catalysts, IS and Neobead-P, that strong acid sites of H0< +1.5 were effective in the formation of 1-methyl-1-phenylindan. Consequently, the intramolecular interaction between positive charge (tertiary benzyl crease in the yield of benzene or the sum of the yields of 1-methylindan and 3-methylindene was accompanied by decrease in the yield of 1-methyl-1-phenylindan, and the formation of 1,3-diphenyl-2-butenes was very slight (Fig. 6 ). From these results, it would be estimated that part of trans-1,3-Biphenyl-2-butenes formed was converted consecutively to 1-methyl-1-phenylindan and to low boiling-point products.
Over the Neobead-P catalyst, product distribution was simple and 1-methyl-1-phenylindan was not formed ( Table 2 ). The fact that there was no formation of 1-methyl-1-phenylindan over the catalyst supports the consideration that it would be formed over the strong Bronsted acid sites. The fact that the large amount of 1,3-diphenyl-2-butenes formed seems to be attributable to the weak acid strength of the Neobead-P catalyst, and to be indicative of the fact, that the catalyst would have no ability to promote fused ring formation of the intermediate I (Eq. (6) ).
The formation of 1,3-diphenyl-1-butene over the Neobead-P catalyst was small but larger than that footnote 1) The cis/trans ratio of 1, 3-diphenyl-2-butenes was 0.03 under the following conditions:
over the IS catalyst. The presence of 1,3-diphenylbutane in the reaction products was confirmed by GC-MS. Also, the Lewis acidity of the Neobead-P was estimated to be larger than that of the IS catalyst as described earlier. Consequently, the possibility that 1,3-diphenyl-1-butene was formed by the interaction of Lewis acid sites and 1,3-diphenylbutane would be considered. However, the details are not available at the present stage. Finally, the amount of coke deposited increased with increasing contact time as shown in Fig. 7 . In the range of contact time, the decomposition of 1-methyl-1-phenylindan was promoted with increasing contact time (Fig. 6) . From the results, it is suggested that the coke be mainly formed in the course of the formation of low boiling-point products from 1-methyl-1-phenylindan. 
